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(54) MILLIMETER WAVE FILTER ARRAY

(57) Methods, systems, and apparatuses, for a mil-
limeter wave filter array are discussed. The filter array
includes an array of unit cells formed using a dielectric
layer of a dielectric material, the dielectric layer having a
first surface and an opposing second surface. Each unit
cellincludes conductive sidewall layers extending atleast
partially between the first surface and the second surface
ofthe dielectric layerand defining a resonant space within

the dielectric layer. Each unit cell also includes a metal-
lized layer formed on the first surface, covering at least
a portion of the resonant space of the dielectric layer and
electrically connected to the conductive sidewall layers.
Each unit cell includes a radio-frequency input-output
(RF 1/0O) contact formed on the first surface of the dielec-
tric layer.
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Description
CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provi-
sional Application No. 62/697,558, filed July 13, 2019,
entitled "Millimeter Wave Filter Array," the subject matter
ofwhichisincorporated herein by referenceinits entirety.

TECHNICAL FIELD

[0002] This disclosure generally relates to radio fre-
quency devices and in particular to millimeter wave or
microwave filters, including but not limited to systems
and methods for implementing devices comprising a mil-
limeter wave or microwave filter array.

BACKGROUND

[0003] Millimeter-wave or microwave phased array
transmitters and/or receivers can be used in high fre-
quency cellular communications. For example, the
phased array transmitters and/or receivers can be used
in base stations of cellular communication networks to
communicate with one or more cellular phones, or with
another base station. In active phased array antenna ap-
plications forinstance, itis challenging to implement elec-
tronic components in a transmit (or receive) function as-
sociated with each antenna element, that are small
enough to fit within a unit element area or footprint of the
antenna element. Moreover, microwave and millimeter
wave filters are typically designed and fabricated as dis-
crete components that lack uniformity in physical and/or
electrical precision between these discrete components,
and feature relatively high insertion loss that is signifi-
cantly above 1 dB.

SUMMARY

[0004] Inone aspect, the presentdisclosure is directed
to a radio frequency device. The radio frequency device
includes a first dielectric layer of a dielectric material, the
first dielectric layer having a first surface and a second
surface opposing the first surface, the first dielectric layer
having a first plurality of cavities, each of the first plurality
of cavities extending between the first surface and the
second surface. The radio frequency device further in-
cludes a first filter unit cell formed at least partially in the
first dielectric layer, the first filter unit cell including a first
plurality of sidewalls of the first plurality of cavities. The
unit cell further includes first conductive sidewall layers
formed on at least portions of the first plurality of side-
walls, the first conductive sidewall layers defining a first
resonant space comprising some of the dielectric mate-
rial. The unit cell also includes a first conductive layer
formed on the first surface, covering at least a portion of
the first resonant space and electrically connected to the
first conductive sidewall layers. The unit cell further in-
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cludes a first radio-frequency input-output (RF 1/0) con-
tact formed on the first surface, the first RF 1/O contact
electrically isolated from the first conductive layer by a
first isolation region formed around at least a portion of
a perimeter of the first RF 1/O contact.

[0005] In another aspect, the present disclosure is di-
rected to a method for forming a radio frequency device.
The method includes providing a first optically transpar-
ent dielectric layer having a first surface and a second
surface opposing the first surface. The method further
includes irradiating, using a laser, a first three dimension-
al structure in the first optically transparent dielectric lay-
er, the first three dimensional structure including a first
plurality of sidewall regions extending at least partially
between the first surface and the second surface of the
first optically transparent dielectric layer. The method al-
so includes etching the first three dimensional structure
to form a first three dimensional cavity structure. The
method additionally includes depositing metal in the first
three dimensional cavity structure to form at least one
first conductive sidewall layer extending at least partially
between the first surface and the second surface of the
first optically transparent dielectric layer. The method fur-
ther includes depositing a first metal layer on the first
surface of the first optically transparent dielectric layer,
and a second metal layer on the second surface of the
first optically transparent dielectric layer. The method al-
so includes patterning the first metal layer on the first
surface of the first optically transparent dielectric layer to
form a radio frequency input-output (RF 1/0) region, and
a first ground plane around a perimeter of the RF 1/O
region and electrically isolated from the RF 1/O region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The foregoing and other features of the present
disclosure will become more fully apparent from the fol-
lowing description and appended claims, taken in con-
junction with the accompanying drawings. Understand-
ing that these drawings depict only several embodiments
in accordance with the disclosure and are, therefore, not
to be considered limiting of its scope, the disclosure will
be described with additional specificity and detail through
use of the accompanying drawings.

Figure 1 shows an example phased array transceiv-
er, in accordance with various implementations.
Figure 2 shows a cross sectional view of an example
filter array layer, in accordance with various imple-
mentations.

Figure 3 shows a top view of a portion filter array
show in Figure 2.

Figure 4 shows an example integrated filter-antenna
array, in accordance with various implementations.
Figure 5 shows a top view of a portion of the inte-
grated filter-antenna array shown in Figure 4.
Figures 6A and 6B show top views of portions of two
dielectric layers with different metallized sidewall
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patterns that can improve mechanical stability of a
filter array, in accordance with various implementa-
tions.

Figure 7A shows a flow diagram of a process of man-
ufacture of the filter array, in accordance with various
implementations.

Figure 7B shows a flow diagram of a process of man-
ufacture of afilter array with multiple dielectric layers,
in accordance with various implementations.
Figure 8 shows a flow diagram of a process of man-
ufacture of an integrated filter-antenna array, in ac-
cordance with various implementations.

Figures 9A-9C show cross-sectional views of por-
tions of the filter array at various stages of manufac-
ture.

[0007] In the following detailed description, reference
is made to the accompanying drawings, which form a
part hereof. In the drawings, similar symbols typically
identify similar components, unless context dictates oth-
erwise. The llustrative embodiments described in the de-
tailed description, drawings, and claims are not meant to
be limiting. Other embodiments may be utilized, and oth-
er changes may be made, without departing from the
spirit or scope of the subject matter presented here. It
will be readily understood that the aspects of the present
disclosure, as generally described herein, and illustrated
in the figures, can be arranged, substituted, combined,
and designed in a wide variety of different configurations,
all of which are explicitly contemplated and make part of
this disclosure.

DETAILED DESCRIPTION

[0008] In active phased array antenna applications,
antenna elements and electronic components needed in
a transmit (or receive) function associated with each an-
tenna element are preferably small enough to fit within a
unit antenna element area. The unit antenna element
area is based on the frequency of operation and the max-
imum scan angle of the antenna beam. For example, for
a "5G" cellular frequency of about 39 GHz and a beam
scan angle of about 45°, the unit element area is about
(0.6 lambda)? or 0.026 square inches. By way of exam-
ple, such a unit element area can be within the range of
0.01 to 0.08 square inches. Here, lambda is the Free
Space wavelength. This antenna element spacing is the
maximum that can be employed which can prevent grat-
ing lobes in the phased array antenna radiation pattern
over a 45° scan angle. A Grating lobe is an antenna ra-
diation in an undesired direction. As a result, to prevent
grating lobes and to enable a +/- 45° antenna beam scan,
the example antenna based on 39 GHz as the frequency
of operation would have approximately 38 or more radi-
ating elements per square inch. There is also a challenge
of having filters and associated electronics (e.g., ampli-
fiers and phase shifters) of appropriate size to fit within
this unit antenna element area. Other frequencies of op-
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eration can include 6 GHz (or below), 28 GHz, 55-75
GHz, 120 GHz, as examples.

[0009] Microwave and millimeter wave filters are typi-
cally designed and fabricated as individual or discrete
components which connect into a larger system (e.g. a
transmitand/orreceive system) via solder surface mount,
via coaxial connectors, or via waveguide connections.
Generally the filters require each individual filter to be
tested and tuned, due to lack of adequate physical/elec-
trical precision in such discrete components. However,
carrying out individual testing and tuning and assembly
on a phased array antenna having 38 filters and antenna
elements per square inch can be very challenging due
to the sheer number of filters to be individually tested and
tuned. Further, in some phased array applications, filters
between the antenna elements and the active trans-
mit/receive circuitry are not employed when the filters
exhibit unacceptable insertion loss causing degradation
of the signal to noise ratio and range of the phased array
antenna. On the other hand, having filters in this front
end location can be useful in protecting the antenna sys-
tem from interfering signals. This is a system trade-off
based on filter performance in rejecting interferers, ver-
sus insertion loss to the desired signal. Sufficiently small
size (e.g., antenna element spacing constraint) and in-
tegration and electrical interconnection with array com-
ponents are important considerations as well.

[0010] The anticipated explosion of millimeter wave or
microwave phased arrays for commercial '5G’ wireless
communications and in satellites is expected to result in
a dense network of transmit and/or receive arrays oper-
ating simultaneously in closely spaced frequencies. To
mitigate the inherent interference issues, front end filters
(filters between the antenna elements and active circuits)
of very low insertion loss should be used.

[0011] The following description discusses radio fre-
quency devices, and in particular, millimeter-wave or mi-
crowave filter arrays that can be utilized in millimeter-
wave or microwave phased array antennas. The filter
array mitigates or avoids the drawbacks associated with
other filter approaches discussed above. In particular,
the filter array has a high quality factor (Q) in the order
of about 1000 to about 2000, compared to the Q of about
100 to about 300 of conventional filters in this frequency
range conforming to size and integration requirements.
The high Q enables the filter array to have a very low
insertion loss. For example, the filter array can have an
insertion loss of below 1 dB (e.g., 0.8 dB, 0.5 dB, and so
on). A filter implemented in the prior art with similar re-
jection performance would exhibit over 3 dB insertion loss
rendering it unacceptable for use in this front end location.
[0012] The filter array can be manufactured using pre-
cision manufacturing techniques that obviate the need
for individual tuning of filter elements. As a result, filter
arrays with high density, such as those to be used for
high frequency cellular applications, can be manufac-
tured with high reliability. In order to provide an array of
high performance millimeter wave or microwave filters,
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material properties, physical precision of dielectric and
metal geometry, and alignment and bonding methods
must be highly repeatable. The materials and processes
described herein have these desired attributes.

[0013] Also discussed below is an integrated phased
array filter-antenna, which includes the filter and antenna
elements within the same integrated unit cell. The inte-
grated phased array filter antenna exhibits high gain, high
Q, and low insertion loss, which can make the integrated
phased array filter-antenna well suited for high frequency
‘SG’ cellular applications.

[0014] Also discussed below are processes for manu-
facturing the filter array and the integrated phased array
filter-antenna. The process for manufacturing utilizes
high precision 3D laser irradiation methods that allow pre-
cise positioning and hence fabrication of the filter and
antenna elements at high density.

[0015] In some embodiments, a radio frequency de-
vice further includes an array of filter unit cells including
the first filter unit cell formed in the first dielectric layer of
the dielectric material, and a second filter unit cell of the
array of filter unit cells positioned adjacent to the first filter
unit cell, where the second filter unit cell includes a sec-
ond plurality of sidewalls of the cavities defined by the
dielectric material, at least one sidewall of the second
plurality of sidewalls and at least one sidewall of the first
plurality of sidewalls defining a cavity of the cavities. The
second filter unit cell also includes second conductive
sidewall layers disposed over at least portions of the sec-
ond plurality of sidewalls, the second conductive sidewall
layers defining a second resonant space comprising
some of the dielectric material. The second filter unit cell
additionally includes the first conductive layer formed on
the first surface, covering at least a portion of the second
resonant space and electrically connected to the second
conductive sidewall layers. The second filter unit cell also
includes a second RF I/O contact formed on the first sur-
face, the second RF I/O contact electrically isolated from
the first conductive layer by a second isolation region
formed around at least a portion of a perimeter of the
second RF 1/0.

[0016] In some embodiments, within the same cavity,
at least one of the first conductive sidewall layers is
spaced apart from at least one of the second conductive
sidewall layers. In some embodiments, within the same
cavity, at least one of the first conductive sidewall layers
and at least one of the second conductive sidewall layers
make contact to fill at least a portion of the same cavity.
[0017] In some embodiments, the radio frequency de-
vice also includes a second dielectric layer of the dielec-
tric material having a first surface and an second surface
opposing the first surface, the second dielectric layer
formed on the first dielectric layer, and having a second
plurality of cavities, each of the second plurality of cavities
extending between the first surface and the second sur-
face of the second dielectric layer. The first filter unit cell
also includes a second conductive layer formed on the
second surface of the first dielectric layer covering atleast
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a portion of the first resonant space and electrically con-
nected to the first conductive sidewall layers, the second
conductive layer having a first aperture, a third plurality
of sidewalls of the second plurality of cavities, and third
conductive sidewall layers formed on at least portions of
the third plurality of sidewalls, the third conductive side-
wall layers defining a third resonant space comprising
some of the dielectric material, the third conductive side-
wall layers electrically connected to the second conduc-
tive layer formed on the second surface of the first die-
lectric layer, the first aperture positioned between the first
resonant space and the third resonant space.

[0018] In some embodiments, at least a portion of the
first surface of the second dielectric layer is bonded with
the second surface of the first dielectric layer. In some
embodiments, the device further includes a first bonding
surface of the first dielectric layer, the first bonding sur-
face including at least a portion of the second surface of
the first dielectric layer and a portion of the second con-
ductive layer. In some embodiments, the radio frequency
device also includes a second bonding surface of the
second dielectric layer, the second bonding surface in-
cluding at least a portion of the first surface of the second
dielectric layer and at least a portion of a patterned metal
layer formed on the first surface of the second dielectric
layer. In some embodiments, the first bonding surface of
thefirstdielectric layeris bonded with the second bonding
surface of the second dielectric layer. In some embodi-
ments, a center of the first resonant space and a center
of the third resonant space are separated by a distance
that is less than a quarter wavelength of a frequency of
operation.

[0019] In some embodiments, the dielectric material is
an optically transparent dielectric material. In some em-
bodiments, the dielectric material has a relative dielectric
constant of at least 2. In some embodiments, the dielec-
tric material comprises at least one of fused silica, quartz,
single crystal silicon carbide, or single crystal sapphire.
In some embodiments, the first plurality of sidewalls in-
cludes four sidewalls. In some embodiments, atleastone
of the first conductive sidewall layers is discontinuous.
In some embodiments, at least one of the first conductive
sidewall layers has a mesh pattern or structure. In some
embodiments, the first filter unit cell further includes an
antenna ground plane formed on the second surface of
the first dielectric layer, covering at least a portion of the
first resonant space of the first dielectric layer and elec-
trically connected to the first conductive sidewall layers,
and an antenna element formed on the second surface
of the first dielectric layer, the antenna element electri-
cally isolated from the antenna ground plane by an an-
tenna element isolation region formed around at least a
portion of a perimeter of the antenna element. In some
embodiments, the antenna element is aligned with the
first RF 1/O.

[0020] In some embodiments, the radio frequency de-
vice further includes an antenna dielectric layer of the
dielectric material having a first surface and a second
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surface opposing the first surface, the antenna dielectric
layer formed on the first dielectric layer, the antenna di-
electric layer having antenna layer cavities, each of the
antenna layer cavities extends between the first surface
and the second surface of the antenna dielectric layer.
The first filter unit cell also includes a second conductive
layer formed on the second surface of the first dielectric
layer covering atleast a portion of the firstresonant space
of the first dielectric layer and electrically connected to
the first conductive sidewall layers, the second conduc-
tive layer having a first aperture. The first filter unit cell
also includes an antenna layer plurality of sidewalls of
the antenna layer cavities. The unit cell further includes
antenna layer conductive sidewall layers formed on at
least portions of the antenna layer plurality of sidewalls,
the antenna layer conductive sidewall layers defining an
antenna layer resonant space comprising some of the
dielectric material, the antenna layer conductive sidewall
layers electrically connected to the second conductive
layer formed on the second surface of the first dielectric
layer, the first aperture positioned between the first res-
onant space and the antenna layer resonant space. The
unit cell also includes an antenna ground plane formed
on the second surface of the antenna dielectric layer cov-
ering at least a portion of the antenna layer resonant
space, and electrically connected to the antenna layer
conductive sidewall layers, and an antenna element
formed on the second surface of the antenna dielectric
layer, the antenna element electrically isolated from the
antenna ground plane by an antenna element isolation
region formed around at least a portion of a perimeter of
the antenna element, wherein the antenna element is
aligned with the first RF I/O contact. In some embodi-
ments, the first RF 1/0 contact being electrically isolated
from the first conductive layer includes having a resist-
ance of at least 1014 ohms between the first RF 1/O con-
tact and the first conductive layer. In some embodiments,
the first conductive sidewall layers include at least one
of copper, gold, silver, or aluminum.

[0021] In some embodiments, a method for forming
the radio frequency device further includes providing a
second optically transparent dielectric layer having a first
surface and a second surface opposing the first surface
of the second optically transparent dielectric layer, and
bonding the second surface of the first optically transpar-
ent dielectric layer with the first surface of the second
optically transparent dielectric layer. In some embodi-
ments, the method further includes irradiating, using the
laser, a second three dimensional structure in the second
optically transparent dielectric layer, the second three
dimensional structure including a second plurality of side-
wall regions extending at least partially between the first
surface and the second surface of the second optically
transparent dielectric layer. In some embodiments, the
method further includes etching the second three dimen-
sional structure to form a second three dimensional cavity
structure, and depositing metal in the second three di-
mensional cavity structure to form at least one second
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conductive sidewall layers extending at least partially be-
tween the first surface and the second surface of the
second optically transparent dielectric layer.

[0022] In some embodiments, the method further in-
cludes depositing and patterning metal on the second
surface of the second optically transparent dielectric lay-
er to form a second RF 1/O region, and a second ground
plane around a perimeter of the second RF 1/O region
and electrically isolated from the second RF 1/O region.
In some embodiments, the method further includes de-
positing and patterning metal on the first surface of the
second optically transparent dielectric layer to form a
third ground plane. In some embodiments, the method
further includes depositing and patterning the metal on
the first surface of the second optically transparent die-
lectric layer to provide a second metal layer aperture, the
second metal layer aperture for coupling a resonant
space in the first optically transparent dielectric layer to
aresonant space in the second optically transparent di-
electric layer. In some embodiments, the method further
includes installing a coupling structure for coupling a res-
onant space in the first optically transparent dielectric
layer to a resonant space in the second optically trans-
parent dielectric layer.

[0023] In some embodiments, the method further in-
cludes depositing and patterning metal on the first sur-
face of the second optically transparent dielectric layer
to form a second bonding surface, and patterning the
second metal layer on the second surface of the first op-
tically transparent dielectric layer to form a first bonding
surface. In some embodiments, the method further in-
cludes bonding the first optically transparent dielectric
layer to the second optically transparent dielectric layer
by bonding the first bonding surface with the second
bonding surface. In some embodiments, the method fur-
ther includes aligning an aperture in the first bonding sur-
face with an aperture in the second bonding surface. In
some embodiments, the method further includes verify-
ing that a plurality of portions of the first optically trans-
parent dielectric layer or the second optically transparent
dielectric layer has measurements corresponding to
within 0.5 percent of a mean value of a dielectric constant
of the corresponding first optically transparent dielectric
layer or the second optically transparent dielectric layer.
[0024] In some embodiments, the method further in-
cludes introducing, by the irradiation, defects in the first
optically transparent dielectric layer or the second opti-
cally transparent dielectric layer, in a range of one to ten
microns in dimension. In some embodiments, the method
further includes irradiating, using the laser, the first three
dimensional structure in the first optically transparent di-
electric layer to produce at least a 200:1 etch selectivity
relative to a non-irradiated portion of the first or second
optically transparent dielectric layer. In some embodi-
ments, the method further includes depositing metal in
the first three dimensional cavity structure using a sput-
tering or plating technique. In some embodiments, the
method further includes depositing metal in the first three
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dimensional cavity structure, the metal comprising at
least one of copper, gold, silver, or aluminum over an
adhesion layer. In some embodiments, the method fur-
ther includes depositing the metal in the first three dimen-
sional cavity structure to have a thickness of between
0.5 to 3 microns. In some embodiments, the method fur-
ther includes applying an electro-less surface oxidation
barrier layer.

[0025] In some embodiments, the method further in-
cludes providing a third optically transparent dielectric
layer having a first surface and a second surface oppos-
ing the first surface of the third optically transparent die-
lectric layer. The method further includes irradiating, us-
ing the laser, a third three dimensional structure in the
third optically transparent dielectric layer, the third three
dimensional structure including a plurality of sidewall re-
gions extending atleast partially between the first surface
and the second surface of the third optically transparent
dielectric layer. The method also includes etching the
third three dimensional structure to form a third three di-
mensional cavity structure. The method further includes
depositing metal in the third three dimensional cavity
structure to form at least one third conductive sidewall
layers extending at least partially between the first sur-
face and the second surface of the third optically trans-
parentdielectriclayer. The method furtherincludes bond-
ing the second surface of the second optically transpar-
ent dielectric layer with the first surface of the third opti-
cally transparent dielectric layer.

Filter array

[0026] Figure 1 shows an example phased array trans-
ceiver 100. The phased array transceiver 100 includes
three portions or layers: an antenna array layer 102, a
filter array layer 104, and a circuitlayer 106. The antenna
layer can include an array of antenna elements 108 ar-
ranged in two-dimensional grid-like fashion. The antenna
elements 108 caninclude patch antenna elements, which
can include conductor patches or pads that form the ra-
diating surface of the antenna array. In some examples,
the antenna elements 108 caninclude radiating elements
that extend normal or perpendicular to the surface of the
antenna array layer 102. The spacing between adjacent
antenna elements 108 can be based on the desired fre-
quency of operation. For example, for a wavelength A of
the frequency of operation, the antenna elements 108
can be arranged such that centers of any two adjacent
antenna elements 108 in the same row or column are
separated by a distance equal to about A/2 (in free
space). For 5G applications for instance, one of the op-
erating frequencies is 39 GHz, which results in a A of
about 0.4 inches.

[0027] The circuit layer 106 can include integrated cir-
cuits that provide signals to, and receive signals from,
the filter array layer 104. The circuitlayer 106 can include
integrated circuits that include transmission and/or re-
ceiving circuitry, amplification circuitry, phase shifter cir-
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cuitry, etc. In some examples, the circuit layer 106 can
include an array of integrated circuits, where each inte-
grated circuit in the array processes signals for a corre-
sponding filter element in the filter array layer 104 and
an antenna element in the antenna array layer 102. In
some examples, each integrated circuitin the circuit layer
106 can process signals associated with a plurality of
corresponding filter elements and corresponding anten-
na elements. For example, each integrated circuit in the
circuitlayer 106 may process signals associated with four
antenna elements 108 and four corresponding filter ele-
ments. The number of antenna elements or filter ele-
ments associated with each integrated circuit may be
based on surface area and size limitations imposed by
the frequency of operation of the phased array transceiv-
er 100. As an example, an integrated circuit dedicated
to processing signals associated with four antenna ele-
ments 108 and four corresponding filter elements can
have a size of about A/2 x A/2. At 39 GHz, the size can
be about 0.15 inches x 0.15 inches. In some examples,
at 30 GHz, the integrated circuits (ICs) including their
package on the circuit layer 106 may occupy about 36%
of the total area of the circuit layer, but at 39 GHz, that
may increase to about 64%, and result in a clearance of
about 60 mils. To maintain short radio frequency (RF)
path lengths, and equal path lengths between RF ICs
and filter and antenna elements, the ICs should be some-
what smaller than the unit element area. In some exam-
ples, integrated transceiver ICs manufactured by Anoki-
awave can be utilized for certain applications.

[0028] The filter array layer 104 can include an array
of filter unit cells that can be arranged in a similar manner
as the arrangement of the antenna elements 108 on the
antenna layer 102. The filter array layer 104 can include
the same number of filter unit cell as there are antenna
elements 108 in the antenna layer 102. Each filter unit
cell can fit within a footprint or unit area of an antenna
element, for a spatially efficient configuration. A filter unit
cell may be positioned to be aligned with the correspond-
ing antenna element 108 on the antenna layer. The filter
array layer 104 can filter signals communicated to and
from the antenna layer 102.

[0029] Figure 2 shows a cross sectional view of an ex-
ample filter array layer 104. The filter array layer 104 can
include an array of filter unit cells. For example, Figure
2 shows a first filter unit cell 202a, a second filter unit cell
202b and a third filter unit cell 202c (collectively referred
to as "filter unit cells 202"). Each filter unit cell includes
atleast one dielectric layer formed of a dielectric material.
For example, the filter unit cells 202 in Figure 2 include
two dielectric layers: a first dielectric layer 220 and a sec-
ond dielectric layer 218. The dielectric layers can be
formed of an optically transparent dielectric material,
such as for example, fused silica, quartz, single crystal
silicon carbide, single crystal sapphire, and the like. In
some embodiments, the dielectric layer can be formed
of a crystalline (e.g., formed of a single crystal) dielectric
material and/or a dielectric of material that is isotropic.
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In some embodiments, the dielectric layers can be
formed of a dielectric material with a thermal conductivity
of at least 1 Watt meter per degree Kelvin (e.g., fused
Silica, Silicon carbide, sapphire). The dielectric layers
can be formed of a dielectric material with a temperature
stability above a predefined threshold (e.g., correspond-
ing to a temperature coefficient of frequency being less
than 100 ppm/°C, or less than 20 ppm/°C). The dielectric
layers can be formed of a dielectric material with a low
loss tangent, e.g., aloss tangent of less than 0.002 (such
as 0.0001). The dielectric layers can be formed of a di-
electric material that is more solid and rigid than dielectric
materials (e.g., pliable, flexible or drillable dielectric ma-
terials) currently used in circuit boards. Rigid dielectric
materials which do not mechanically distort during ther-
mal and other processes can minimize dimensional fea-
ture variation or resultant layer to layer alignment error
of coupling aperture features, or dimensional distortion
of resonant spaces which can result in filter frequency
response defects. For example, a 39 GHz filter fabricated
with a dielectric layer composed of a material with a di-
electric constant of 3.8 can have resonant space x-y di-
mensions of about 0.080 inches, and a dimensional ac-
curacy of less than 0.5% shall result in a dimensional
tolerance of 4/10,000 of an inch. In some examples, the
relative dielectric constant (sometimes generally referred
herein as dielectric constant) of the dielectric layer can
be at least about 2 (e.g., a value within the range of 2
and 100). To enable realization of a resonator (a constit-
uent component of afilter) to be contained within a single
layer of dielectric and have finite thickness walls and be
smaller than the antenna unit element (~1/2), the dielec-
tric constant must be somewhat greater than 1 (e.g.,
above 2.1, 3.5 or another value). The geometry of a filter
array can support the fabrication of a filter in any suitable
dielectric material (e.g., a low loss dielectric, with a tem-
perature stable dielectric constant). Higher dielectric con-
stant materials can be employed to reduce the physical
size of the filter resonators and thus reduce the filter size.
The dielectric material can be selected to form a filter
resonator with a Q of 1000 or greater.

[0030] Each unitcell 202 can include a number of con-
ductive sidewall layers that extend between a bottom sur-
face and a top surface of the unit cell. For example, the
firstunit cell 202a includes first conductive sidewall layers
222 and 224 formed in the first dielectric layer 220. The
second unit cell 202b includes second conductive side-
wall layers 230 and 232 formed in the first dielectric layer
220 also formed in the first dielectric layer 220. As dis-
cussed in further detail below, the conductive sidewall
layers can be formed on sidewalls of cavities defined in
the first and second dielectric layers 220 and 218. The
conductive sidewall layers can include any conductive
material, such as for example, copper, aluminum, silver,
gold, or conductive alloys. Metals with the highest pos-
sible electrical conductivity can be used to provide max-
imum filter resonator Q. The first conductive sidewall lay-
ers 222 and 224 can define a resonant space 208a (also
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referred to as "afirst resonant space") of the first unit cell
202a in the first dielectric layer 220, while the second
conductive sidewall layers 230 and 232 define aresonant
space 238a of the second unit cell 202b in the first die-
lectric layer 220.

[0031] A bottom surface 234 (or first surface of the first
dielectric layer 220) of the unit cells 202 includes a first
ground plane 206 (also referred to as "a first conductive
layer") which is a metallized layer formed of a conductive
material. The first ground plane 206, and ground planes
in general, can be conductive surfaces that can be elec-
trically connected to electric ground potential. The bottom
surface 234 of the first unit cell 202a can include a first
radio frequency input/output (RF 10) contact pad 204,
which is electrically isolated from the first ground plane
206 by first isolation region 242. Similarly, the bottom
surface of the second unit cell 202b can include a second
RF 10 contact pad 244 also electrically isolated from the
first ground plane 206 by a second isolation region 246.
In some embodiments, electrical isolation can refer to a
resistance of at least 1014 ohms, or some other defined
value. Similarly, a top surface 236 of the unit cells 202
can include a second ground plane 214 and/or a second
RF 10 contact pad 216 that is electrically isolated from
the second ground plane 214. In some embodiments, a
metallized trace can be connected between the first
ground plane 206 and the first RF 10 contact pad 204 to
provide an inductance coupling at the frequency of op-
eration (e.g., at 39 GHz). However, in suchembodiments,
despite the presence of the metallized trace, the first RF
10 contact pad 206 can be considered to be electrically
isolated from the first ground plane 206 as long as the
inclusion of the metallized trace does not alter the voltage
standing wave ratio (VSWR) of the unit cell 202a to more
than 3:1. The VSWR of the unit cell 202a without any
metallized trace can be in the range of 1:1t0 2:1. In some
embodiments, the metallized trace can have a width of
less than 0.5 millimeter. Each of the one or more metal-
lized traces can be formed of a material used for the first
ground plane 206 or first RF 10 contact pad 204, or a
different material. In some embodiments, the metallized
trace can be formed as a narrow trace that has a length
to width ratio of at least 3:1. The second RF 10 contact
pad 216 can be considered to be electrically isolated from
the second ground plane 214 in a manner similar to the
electrical isolation of the first RF IO contact pad 204 and
the first ground plane 206 discussed above. The firstand
second RF 1/O contact pads 204 and 216 can provide
electrical contacts to the integrated circuits on the circuit
layer 106 and the antenna elements 108 on the antenna
layer 102.

[0032] The unit cells 202 can include an intermediate
metallized layer 212 (also referred to as "a second con-
ductive layer" or "a third ground plane") including a first
aperture 210. The intermediate metallized layer 212 can
be formed on a second surface of the first dielectric layer
220 opposing the bottom surface 234. The intermediate
metallized layer 212 is positioned between the first die-



13 EP 4 287 397 A2 14

lectric layer 220 and the second dielectric layer 218, and
is electrically connected to the first conductive sidewall
layers 222 and 224. The intermediate metallized layer
212 covers at least a portion of the resonant space 208a
of the first unit cell 202a in the first dielectric layer 220.
The first unit cell 202a includes third conductive sidewall
layers 226 and 228 that extend between the two opposing
surfaces of the second dielectric layer 218. The third con-
ductive sidewall layers 226 and 228 define a resonant
space 208b (also referred to as "a third resonant space")
of the first unit cell 202 in the second dielectric layer 218.
Thefirstaperture 210 is positioned between the resonant
spaces 208a and 208b of the first unit cell 202a. Each
resonant space can contribute a pole in the unit cell filter
transfer function. While two resonant spaces are shown
in Figure 2, in some examples, the unit cells 202 may
include only one resonant space or may include more
than two resonant spaces. The resonant spaces are
formed within the dielectric material of the two dielectric
layers 218 and 220. Additional dielectric layers can be
added to the unit cells 202 to add additional resonant
spaces. Adding additional resonant spaces can increase
the slope of the frequency response of the unit cells 202.
As a result, the selectivity of the unit cells can be in-
creased. In some examples, the insertion loss of the unit
cell can be an inverse function of the Q of the resonant
spaces. Therefore, increasing the Q of the resonant
spaces can reduce the insertion loss of the unit cell 202.
The resonant spaces can each have a controlled reso-
nant frequency as needed to realize a desired filter re-
sponse.

[0033] Each filter of a filter array 104 can include one
or more resonators with controlled coupling elements in-
terconnecting the one or more resonators, as well as ra-
dio-frequency input or outputs (RF 1/0s) with controlled
couplings. To achieve adesired frequency response from
a filter, each resonator should have a specific predeter-
mined resonant frequency, and the couplings between
each resonator as well as the coupling between the input
contact and first resonator and the output contact and
the last resonator should be of a specific and predeter-
mined value. Each resonator can correspond to the res-
onant space 208 or resonant cavity discussed above. A
resonant space or resonant cavity can be a building block
of three-dimensional cavity or waveguide filters. A reso-
nant space can include a substantially metal coated or
enclosed dielectric-filled volume, for instance formed by
acombination of metal walls (e.g.,222 & 224) and surface
ground planes (e.g., 206, 212 & 214), A resonant space
can generally have physical dimensions of approximately
A2 x A2 in the x-y plane, which can be rectangular or
circular in shape for example. For a dielectric-filled res-
onant space, the physical dimensions corresponding to
A/2 are reduced by a factor of (1/V (dielectric constant)).
Hence, the use of such dielectric-filled resonant spaces
can reduce the size of the corresponding filter structure
as compared to a free-space A/2 antenna element spac-
ing-the nominal spacing of filters in the filter array. In
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some embodiments, the resonant spaces can have a
height or thickness that is less than half the width of the
resonant space. For example, the first resonant space
208a can have dimensions where a distance between
the firstground plane 206 and the intermediate metallized
layer 212 is less than half the distance between the first
conductive sidewall layers 222 and 224. In some embod-
iments, a distance between a center of the first resonant
space 208a and a center of the third resonant space 208c
can be less than a quarter wavelength of the frequency
of operation.

[0034] The coupling structures, as disclosed herein,
can include apertures (e.g., aperture 210) or "Irises" in
the metal ground layers between resonant spaces. The
apertures can be replaced with a variety of alternative
coupling structures, including metal pins that extend be-
tween the resonant spaces in the two dielectric layers
220 and 218. For example, a metal pin can extend from
a center of the first resonant space 208a, through the
aperture 210 and to a center of the third resonant space
208b. In some embodiments, the metal pin can extend
between any two points: one within the first resonant
space 208a and another within the third resonant space
208b. The metal pin can be embedded within the dielec-
tric material. The metal pin can be utilized instead of or
in addition to the aperture 210, and can offer added free-
dom to form magnetic or electric field couplings or com-
binations thereof. Another alternative for a coupling ele-
ment or coupling structure can include an etched hole
(between the two dielectric layers 220 and 218, for ex-
ample, positioned between the two resonant spaces
208a and 208b) that is metallized (e.g., sidewalls of the
etched hole plated with metal). The apertures (e.g. first
aperture 210) however could be considered the simplest
to construct, amongst the alternatives. The apertures and
alternatives are hereafter generally referred as coupling
structures. Various descriptions in this disclosure may
use or reference apertures by way of illustration, but it
should be understood that any coupling structure can
apply.

[0035] The thickness or height of the unit cells 202 can
affect the Q of the unit cells 202. For example, the Q can
increase with an increase in the thickness of the unit cells
202. However, the rate of increase in the Q with respect
tothe thickness can asymptotically decrease as the thick-
ness approaches a value that is half the size of the di-
mension of the unit cells in the x-y direction (the thickness
being measured in the z dimension normal to the x-y
plane). As an example, at 39 GHz, and with the x-y di-
mensions being about one tenth of an inch, the dielectric
thickness of aresonant space can be selected to be about
15 mils, or no more than about 50 mils.

[0036] The firstconductive sidewalllayers 222 and 224
can have a thickness of about 0.1 mils or greater. A me-
tallic wall between two adjacent unit cells (e.g., the first
unit cell 202a and the second unit cell 202b) can be
formed of a single wide wall (e.g., by metallizing one side-
wall/portion of cavity, or by filling the cavity partially or
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completely with metal), or 2 separate walls (e.g., by met-
allizing two opposite sidewalls/portions of a cavity, or by
metallizing one sidewall/portion of each of a pair of ad-
jacent cavities, or by filling each of the pair of adjacent
cavities partially or completely with metal), or a number
of discrete metallized cavities (e.g., any number of cav-
ities arranged in a row or formation to collectively form
the metallic wall), commensurate with defining the re-
spective resonant spaces with prescribed resonant fre-
quencies while maintaining the desired physical spacing
associated with the antenna element spacing. One or
more of the cavities and the conductive sidewalls can be
formed through the whole thickness of the dielectric layer,
or partially along the thickness. Each of the cavities and
the conductive sidewalls in the dielectric layer can be
formed of any shape or size. Metallization can be perform
on a partial portion of a sidewall of a cavity, or on the
whole sidewall. The ground planes 206 and 214 and the
RF 10 contact pads can have a thickness of about 0.1
mils or greater. The sizes of the aperture 210 can be
based on the desired bandwidth of the filter. In some
examples, the width of the aperture 210 can be about
20% to 25% of the dimension of the resonant spaces
within the plane of the aperture 210. The aperture 210
can have any shape, such as circular, elliptical, and po-
lygonal (regular or irregular). In some examples, the filter
array layer 104 can include 32, 64, 128, or 256 unit cells
202. For example, afilter array having 256 unit cells can
have a size of about 2.4 inches by 2.4 inches at 39 GHz.
[0037] In some embodiments, the conductive sidewall
layers (e.g., the first conductive sidewall layers 222 and
224, the second conductive sidewall layers 230 and 232,
and the third conductive sidewall layers 226 and 228)
can be discontinuous. In particular, the conductive side-
wall layers can include apertures, holes or gaps such that
at least some portions of the corresponding sidewall of
the cavities on which the conductive sidewall layers are
deposited are not covered by the conductive material. In
some embodiments, the conductive sidewall layers can
have a mesh pattern or structure. That is, a conductive
sidewall layer can have a pattern or structure with regu-
larly spaced apertures. In some embodiments, the con-
ductive sidewall layers can include a set of strips of con-
ductive material that are separated from each other.
[0038] Figure 3 shows a top view of the filter array 104
shown in Figure 2. Boundaries of individual unit cells are
shown by broken lines. Figure 3 shows the first unit cell
202a including the second ground plane 214 and the RF
10 contact pad 216. The RF 10 contact pad 216 is posi-
tioned within the perimeter of the second ground plane
214, and is electrically isolated from the second ground
plane 214 by an isolation region 302. The first unit cell
202a includes two additional third conductive sidewall
layers 304 and 308 in addition to the two third conductive
sidewall layers 226 and 228 shown in Figure 2.

[0039] In some embodiments, at least some edges of
the third conductive sidewall layers 226, 228, 304, and
308 that are perpendicular to the plane of the top surface
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236 of the second dielectric layer 218, may not abut with
edges of the adjacent third conductive sidewall layers to
form a fully enclosed resonant space or resonant cavity.
To abut or have adjacent edges of two conductive side-
wall layers be in contact, dielectric material separating
these adjacent edges would have to be etched away.
However, if one was to etch the dielectric layer all the
way through on all 4 sides (to form a fully enclosed res-
onant space or resonant cavity), the dielectric material
forming the resonant cavity would separate from the di-
electric layer and can fall out of the dielectric layer. In-
stead of a fully enclosed resonant cavity, cavities in the
dielectric layer are etched to apply metal coating to form
the conductive sidewalls, while maintaining some dielec-
tric material (e.g., in a gap, to form a web or other sup-
porting structures) between or around the cavities to
structurally support the resonant cavity in the dielectric
layer. The metal coating to form a conductive sidewall
layer can be thin (e.g., ~3 times skin depth at the oper-
ating frequency to achieve minimum insertion loss for the
filter, where the skin depth refers to a depth of the con-
ductive sidewall layer where current density is a prede-
fined percentage (e.g., 37%) of the current density at the
surface of the conductive sidewall layer at the operating
frequency). The cavities can be plated full of metal such
as copper to provide higher mechanical strength and en-
hanced thermal conductivity. By leaving some regions of
dielectric between at least some adjacent conductive
sidewalls (or cavities) to separate the adjacent metallized
walls (or cavities), the resonant cavity can be held me-
chanically in the structure and processed as one struc-
ture in an array of resonant cavities formed within a single
dielectriclayer. Hence, at least two of the third conductive
sidewalls 226, 228, 304, and 308 can be separated by a
gap comprising the dielectric material of the second di-
electric layer 218 (e.g., in the region between the top
surface 236 and the bottom surface of the second die-
lectric layer 218). As one non-limiting example, the third
conductive sidewalls can have all except one pair of ad-
jacent edges abut, forming a shape similar to a letter U
or C with a partially-enclosed resonant space in the mid-
dle. The limited amount(s) of separation or number of
gap(s) can still form a substantially continuous metal wall
thatenables higher Q resonators and consequently lower
filter insertion loss.

[0040] The implementation discussed above is in con-
trast with using printed circuit board (PCB) layers with
mechanically drilled holes (i.e., circular vias) with plated
metal. Mechanically drilled holes do not provide sufficient
precision to achieve the desired size and structural fea-
tures of the filter, resulting in degraded frequency accu-
racy and filter frequency response, as well as degraded
voltage standing wave ratio (VSWR), which results in ex-
cess signal loss. Moreover, the finish of the surface of
the holes achievable by mechanical drills is inferior to the
etching technique disclosed herein, and can affect appli-
cation of a metal coating on the surface, as well as pre-
cision and size of metal and/or dielectric geometry. In
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addition, dielectric loss of PCB materials is large com-
pared to materials proposed herein for the dielectric lay-
er.

Integrated filter-antenna array

[0041] Figures 1-3 above discussed example embod-
iments of a filter layer including an array of filter unit cells
that can be positioned between a circuit layer and an
antenna layer. The following description discusses ex-
ample embodiments where antenna elements are inte-
grated into the filter array to form an integrated filter-an-
tenna array.

[0042] Figure 4 shows a cross-sectional view of an ex-
ample integrated filter-antenna array 400. Figure 4 shows
three unit cells of the filter-antenna array 400: a first unit
cell 402a, a second unit cell 402b, and a third unit cell
402c (collectively referred to as "filter-antenna unit cells
402"). In some respects, the filter-antenna array 400 is
similar to the filter array 200 shown in Figure 2, in that
filter-antenna unit cells 402 (e.g., the first unit cell 402a)
of the filter-antenna array 400 can include two dielectric
layers 220 and 218, conductive sidewall layers 222, 224,
226, and 228, an input RF 10 contact pad 204 and the
first ground plane 206, a first intermediate ground plane
212 and a first aperture 210, and two resonant spaces
208a and 208b within the dielectric material. However,
unlike the filter array 200 which includes another RF 1O
contact pad on the top surface 236 of the second dielec-
tric layer 218, the filter-antenna array 400 instead in-
cludes an antenna element 416, that can be similar to
the antenna element 108 discussed above in relation to
Figure 1. The antenna element 416 can form a patch
radiator for transmission and reception of radio frequency
signals. In addition, the filter-antenna array 400 shown
in Figure 4 includes an additional second intermediate
ground plane 412 and aperture 410, an additional third
dielectric layer 420 (also referred to as "an antenna die-
lectric layer"), and additional fourth conductive sidewalls
422 and 424 (also referred to as "antenna layer conduc-
tive sidewall layers"), which are electrically connected to
the intermediate ground plane 412 and the second
ground plane 214. The fourth conductive sidewalls 422
and 424 can be deposited on antenna layer plurality of
sidewalls (similar to sidewalls 912 discussed below in
reference to Figures 9A-9C, but formed in the third die-
lectric layer 420) of cavities defined by the dielectric ma-
terial in the third dielectric layer 420. As a result, the first
filter-antenna unit cell402aincludes three resonant spac-
es 208a, 208b, and 208c¢ forming a three-pole filter. This
embodiment enables realizing a cavity backed patch an-
tenna element and shielding which enhances antenna
element performance and reduces undesired antenna
element interaction (known as mutual coupling).

[0043] In some embodiments, the first filter-antenna
unit cell 402a may be structured to include only two res-
onant spaces like that shown in the filter array 200 of
Figure 2. In such instances, the filter-antenna array 400
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may not include the second dielectric layer 218, and the
third dielectric layer (also referred to as "the antenna di-
electric layer") 420 can be directly disposed over the first
dielectriclayer 220. In such embodiments, the fourth con-
ductive sidewall layers 422 and 424 can define the third
resonant space 208c (also referred to as "an antenna
layer resonant space") and can be electrically connected
to the ground plane 212 formed on the first dielectric layer
220 and the second ground plane 214 formed on the
second or top surface of the third dielectric layer 420.
The first aperture 210 can then be positioned between,
and couple the first and the third resonant spaces 208a
and 208c. In some embodiments, the filter antenna array
400 may include only one resonant space 208a. In such
instances, the filter-antenna array 400 may not include
the second and the third dielectric layers 218 and 420.
The second ground plane 214 can function as the anten-
na ground plane and can instead be formed on the top
surface of the first dielectric layer 220 along with the an-
tenna element 416. The second ground plane 214 can
be electrically connected to the first conductive sidewall
layers 222 and 224.

[0044] In some examples, the first unit cell 402a may
include more than three resonant spaces. By integrating
the antenna elements within or onto the same package
(of dielectric layers) that includes the filter, the filter-an-
tenna array 400 does not require a separate antenna
layer such as the antenna layer 102 shown in Figure 1.
This embodiment enables fabrication of filters with an
arbitrary number of resonators within the antenna ele-
ment unit cell area, providing the freedom to realize high
selectivity and low loss filters while still employing the
"single board" or "Tile" array fabrication method which is
preferred for low cost phased arrays, such as those used
for "5G" commercial communications applications. This
can reduce the cost and time of manufacture of the inte-
grated filter-antenna array, for example. Dimensions of
various elements of the integrated filter-antenna array
400 are similar to the dimensions of corresponding ele-
ments discussed above in relation to the filter array 200
shown in Figure 2.

[0045] Thedimensionsoftheantennaelement416 can
be based on the frequency of operation of the filter-an-
tenna array. By way of a non-limiting example, a patch
antenna element for 39 GHz operation can have x-y di-
mensions of about 0.090 inches square for animplemen-
tation using fused silica as dielectric material with a die-
lectric constant of 3.8. Figure 5 shows a top view of the
integrated filter-antenna array 400 shown in Figure 4.
Boundaries of individual filter-antenna unit cells are
shown by broken lines. The top view shows two more
fourth conductive sidewalls 508 and 504 in addition to
the fourth conductive sidewalls 422 and 424 shown in
Figure 4. The antenna element 416 is positioned within
the perimeter of the second ground plane 214 (also re-
ferred to as "an antenna ground plane"). However, the
antenna element 416 is electrically isolated from the sec-
ond ground plane 214 by an isolation region 502 (also
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referred to as "an antenna element isolation region") that
is formed from the dielectric material of the dielectric layer
420 shown in Figure 4. As mentioned above with respect
to the electrical isolation of the first RF 10 contact pad
204 and the first ground plane 206, a metallic trace can
be introduced between the antenna element 416 and the
second ground plane 214 while still maintaining electrical
isolation there between. That is, the antenna element
416 can be considered to be electrically isolated from the
second ground plane 214 despite a metallized trace be-
tween the antenna element 416 and the second ground
plane 214 as long as the inclusion of the metallized trace
does not alter the VSWR of the unit cell 402a to more
than 3:1. The VSWR of the unit cell 402a without the
metallized trace can be between 1:1and 2:1, forexample.
[0046] The antenna element 416 can be positioned to
be aligned with the first RF 10 contact pad 204. For ex-
ample, a geometric center of the antenna element 416
can be aligned with the geometric center of the first RF
10 contact pad 204. In some embodiments, the antenna
element 416, the first RF 10 204 and at least one of the
intermediate apertures coupling resonant spaces are
aligned. For example, the antenna element 416, at least
one of the first aperture 210 and the second aperture
410, and the first RF 10 contact pad 204 can be aligned.
[0047] Figures 6A and 6B show top views of example
embodiments of two dielectric layers with different con-
ductive sidewall patterns. The use of such conductive
sidewall patterns can improve mechanical stability of a
filter array and/or reduce manufacturing costs, for exam-
ple, relative to some other embodiments discussed here-
in. For example, Figures 6A and 6B show the top views
of the first dielectric layer 220 and the second dielectric
layer 218 of the filter array 104 shown in Figure 2. The
structure of the first conductive sidewalls 222, 224, 604,
and 608 in the first dielectric layer 220 is different from,
and complementary to the structure of the third conduc-
tive sidewalls 226, 228, 304, and 308 in the second die-
lectric layer 218 shown in Figure 6B. For example, refer-
ring to Figure 6A, one end each of the first conductive
sidewalls 608 and 222 are joined together. In contrast,
referring to Figure 6B, one end each of the third conduc-
tive sidewalls 228 and 304 are joined at the end. When
the filter array is manufactured by stacking the second
dielectric layer 218 over the first dielectric layer 220, the
complementary structure of the sidewalls in these layers
can improve the mechanical strength of the filter array.
In some examples, other complementary patterns may
also be utilized.

Process of manufacture of afilter array and an integrated
filter-antenna array

[0048] Figure 7A shows a flow diagram of a process
700 of manufacture of the filter array discussed above in
relation to Figures 1-3. The method includes providing
an optically transparent dielectric layer having a first sur-
face and a second surface opposing the first surface
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(702). The optical transparency allows irradiation, by la-
ser, of portions of the dielectric layer that are within an
interior of the dielectric layer. The dielectric layer can
have a size that is about 4-12 inches (e.g., limited by
processing equipment such as etch bath capacity) across
and thickness of about 0.01 to about 0.05 inches. The
dielectric layer can be formed of an optically transparent
dielectric material such as fused silica, quartz, single
crystal silicon carbide, single crystal sapphire, and the
like. The process can further include an inspection of the
dielectric layer for visual defects. The dielectric layer can
further be inspected for consistency in thickness, cam-
ber, and surface finish. The dielectric layer may also be
tested to verify that the dielectric constant is within the
acceptable range of the desired dielectric constant. For
example, dielectric constants at various portions of the
first dielectric layer 220, the second dielectric layer 218
or the third dielectric layer 420 can be measured and the
mean of the measured dielectric constants for a dielectric
layer can be determined. Further, it can be verified that
the dielectric constants measured at various portions of
a dielectric layer is within 0.5 percent of the mean value
of dielectric constant for that layer. Further, the dielectric
layer can undergo cleaning to remove any foreign sub-
stances.

[0049] The process further includes irradiating, using
a laser, a three dimensional structure in the optically
transparent dielectric layer, the three dimensional struc-
ture including a plurality of sidewall regions extending at
least partially between the first surface and the second
surface of the dielectriclayer (704). The laser can operate
anywhere from infra-red to ultraviolet wavelengths, and
can produce laser pulses with pico-second to femto-sec-
ond pulse lengths. The laser can be focused on any lo-
cation within the dielectric layer to irradiate that location.
The irradiated region does not have to be through the
entire thickness of the dielectric layer (e.g., from top sur-
face to bottom surface). Most regions of the walls em-
ployed in these filter arrays can be continuous between
top and bottom surfaces. Some regions, particularly at
wall intersections, may be partially through, providing
mechanical strength as well as the electrical shielding of
the radio-frequency energy (thus enabling a Hi-Q reso-
nator). The lasercan be maneuvered toirradiate the three
dimensional structure within the dielectric layer. During
irradiation, the laser may modify the material properties
or introduce defects in the dielectric material that have
sizes in the range of a few microns. The defects can be
introduced (e.g., uniformly within a volume of a particular
structural shape) via irradiation, and can facilitate selec-
tive etching. Figure 9A shows a cross sectional view of
an irradiated three-dimensional structure in a dielectric
layer. In particular, Figure 9A shows irradiated three-di-
mensional structures 902 (also referred to as a "first three
dimensional structure") formed in the first dielectric layer
220. The irradiated three-dimensional structures 902 can
include a plurality of sidewall regions 906 that can extend
at least partially between the first surface 234 and a sec-
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ond surface 904 of the first dielectric layer 220. The three-
dimensional irradiated structure 902 can include an in-
dented irradiated region 908 that, when etched, can form
an indented region to form an indented second surface
904.

[0050] The process can also include etching the three
dimensional structure to form a three dimensional cavity
structure (706). The irradiated dielectric layer can for in-
stance be placed in an etch bath which can etch the por-
tions of the dielectric layer that have been exposed to or
irradiated by the laser. For example, the etching can start
from a surface that is irradiated and work down through
the material (e.g., precisely or substantially constrained
along and/or within the defects introduced by the laser).
In some examples, the etchant can include potassium
hydroxide. The irradiated three dimensional structure
can have a 1000: 1 etch selectivity relative to the non-
irradiated portions of the dielectric layer, for example, for
precise etching. In some embodiments, the etch selec-
tivity can be 500:1, 200:1, 100:1, or some otherratio. The
laserirradiated geometry (of the three dimensional struc-
ture) can be compensated to account for effects of the
etch selectivity to produce a higher precision resulting
geometry. After etching in the etch bath, the three dimen-
sional structure can be transformed into a three dimen-
sional cavity structure. Any number and/or combination
of three dimensional structures can be realized in a sim-
ilar fashion, e.g., concurrently and/or sequentially. Figure
9B shows a cross sectional view of an etched three-di-
mensional structure in a dielectric layer. In particular, Fig-
ure 9B shows three-dimensional cavity structures 910
formed after etching the three-dimensional irradiated
structures 902 shown in Figure 9A. The three-dimension-
al cavity structures 910 can include a plurality of sidewalls
912 that, in part, define the boundaries of the cavity struc-
tures 910. The plurality of sidewalls 912 are surfaces of
the dielectric material of the first dielectric layer 220, and
define at least portions of the three-dimensional cavity
structures 910. The plurality of sidewalls 912 can extend
at least partially between the first surface 234 and the
second surface 904 of the first dielectric layer 220. The
three dimensional cavity structures 910 can include an
indented region 914 that is indented from the plane of
the second surface 904 of the first dielectric layer 220.
As discussed further below, a conductive layer can be
formed in the indented region 914 to form a ground plane.
In some embodiments, the three dimensional structures
910 may notinclude the indented region 914, and instead
have a second surface 904 that is flat. In such embodi-
ments, a conductive layer deposited over the second sur-
face 904 can have a surface that is offset from (e.g., at
a height that is equal to the thickness of the conductive
layer) the plane of the second surface 904.

[0051] The process can further include depositing met-
al in the three dimensional cavity structure to form one
or more first conductive sidewall layers extending at least
partially between the first surface and the second surface
of the dielectric layer (708). The process also includes
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depositing metal onto the first surface of the dielectric
layer and metal onto the second surface of the dielectric
layer (710). The metal can be deposited using, for exam-
ple, a sputtering technique. Metals such as copper, gold,
or silver over a suitable adhesion layer such as titanium-
tungsten (TiW) can be used. The deposition can be car-
ried out for a length of time that allows the thickness of
the first conductive sidewall layers and the thickness of
the conductive layers on the first and second surfaces to
be about 1 to 2 micron thick (or some other range, such
as 0.5 to 3 micron, for example). For example, the first
conductive sidewall layers can be similar to the sidewalls
222 and 224 shown in Figure 2. A metal plating process
can be employed when thicker metal coatings or metal
filled conductive sidewalls layers are desired, for exam-
ple, when enhanced thermal conductivity or mechanical
strength are desired.

[0052] The process can also include patterning the
metal layer on the first surface of the dielectric layer to
form a radio frequency input-output (RF 1/0) region and
an input ground plane around a perimeter of the RF 1/O
region, the RF I/O region electrically isolated from the
ground plane by an isolation region formed around the
perimeter of the RF 1/O region, or connected by one or
more metallized trace of less than 0.5 millimeter in width
to the ground plane across the isolation region (712). A
photoresist can be applied to all surfaces of the dielectric
layer. The photoresist can include materials such as elec-
trophoretic. The photoresist can be exposed to a pattern
that matches the desired pattern for forming the RF 1/O
contact pad, the metallized trace(s), and/or the ground
plane, such as the RF I/O contact pad 204 and the ground
plane 206 shown in Figure 2. An auto-align direct write
laser lithography process can be used for exposure. The
exposed surfaces can then be etched using an etchant
to remove the metal layer from between the RF 1/O region
and the ground plane around the perimeter of the RF I/O
region, thereby electrically isolating the RF 1/O region
from the ground plane. In some embodiments, a metallic
trace (e.g., less than 0.5 millimeter in width, and with
length to width ratio of at least 3:1) is retained or formed
to provide an inductive coupling between the ground
plane and the RF 1/O region, while maintaining the elec-
trical isolation between the ground plane and the RF I/O
region. The patterning can also include patterning an in-
termediate ground plane and an aperture such as the
intermediate ground plane 212 and the aperture 210
shown in Figure 2, on the other side of the dielectric layer.
[0053] Figure 9C shows a cross-sectional view of a
dielectric layer with patterned metal layers. In particular,
Figure 9C shows a cross-sectional view of the first die-
lectric layer 220 shown in Figure 9B that has been de-
posited with metal and patterned, as described in the
operations 710 and 712 above. The first dielectric layer
220 shows the formation of the first and second unit cells
202a and 202b. The first unit cell 202a includes the first
conductive sidewall layers 222 and 224 formed on the
first plurality of sidewalls (e.g., the plurality of sidewalls
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912) of the cavities 910 formed in the first dielectric layer
220. The first conductive sidewall layers 222 and 224
define at least a portion of the first resonant space 208a.
Similarly, the second unit cell 202b includes the second
conductive sidewall layers 230 and 232 formed on the
second plurality of sidewall cavities 910. In particular,
first conductive sidewall layer 224 of the first unit cell
202a and the second conductive sidewall 230 of the sec-
ond unit cell 202b (which is adjacent to the first unit cell
202a) are formed on the sidewalls of the same cavity
structure 910 between the first unit cell 202a and the
second unit cell 202b. Figure 9C illustrates an example
where a partial volume of the three dimensional cavity
structures 910 is filled with conductive material to form
the conductive sidewall layers (e.g., 224 and 230 in the
cavity structure 910). The conductive sidewall layers in
the same three dimensional cavity structure 910 are
spaced apart or have a gap there between. In some em-
bodiments, at least a portion of a volume of the three
dimensional cavity structure 910 can be filled with a con-
ductive material such that there is no separation or gap
between at least portions of the conductive sidewall lay-
ers 224 and 230 within the cavity structure. That is, the
conductive sidewall layers 224 and 230 can make contact
tofill atleast a portion of the volume of the cavity structure
910. One such example is illustrated in Figure 2, where
a cavity structure between the first unit cell 202a and the
second unit cell 202b is completely filled with a conduc-
tive material such that there is no separation or gap be-
tween the conductive sidewall layers 224 and 230 of ad-
jacent unit cells 202a and 202b. The three dimensional
cavity structure 910 can be filled with the same conduc-
tive material used to form the conductive sidewall layers
224 and 230. For example, during deposition of a con-
ductive material on the first plurality of sidewalls 912 to
form the conductive sidewall layers 224 and 230, the dep-
osition can be continued such that the space between
the conductive sidewall layers 224 and 230 is filled with
the conductive material.

[0054] The above process can be repeated to form ad-
ditional dielectric layers. For example, the process can
be used to form the second dielectric layer 218 shown in
Figure 2, which includes a second ground plane 214 and
a RF 1/O region 216 on one side, an intermediate metal
layer that in combination with the intermediate metallized
layer 212 forms a first aperture 210 on the other side of
the second dielectric layer 218, and third conductive side-
walls 226 and 228. Figure 9C also shows a cross sec-
tional view of a second dielectric layer 218, that has been
processed in a manner similar to that discussed above
in relation to the first dielectric layer 220. The second
dielectric layer 218 includes second three dimensional
cavity structures 950 that can be formed by irradiation
with a laser and etching, in a manner similar to that dis-
cussed above in forming the first three dimensional cavity
structure 910. The second dielectric layer 218 can in-
clude afirst surface 952 and a second surface 954, where
sidewalls 960 (also referred to as "a third plurality of side-
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walls") of the second cavity structure 950 extend at least
partially between the first surface 952 and the second
surface 954 of the second dielectric layer 218. The sec-
ond dielectric layer 218 is deposited with metal and pat-
terned to form third conductive sidewall layers 226 and
228 that extend between the first surface 952 and the
second surface 954 of the second dielectric layer 218.
The third conductive sidewall layers also define a reso-
nant space 208b of the first unit cell 202a.

[0055] A metal layer 956 can be deposited on the first
surface 952 of the second dielectric layer 218 and can
be patterned to form a second aperture 958. The second
surface 904 of the first dielectric layer 220, including the
intermediate layer 212 can form a first bonding surface.
Similarly, the first surface 952 and the metal layer 956
deposited on the first surface 952 of the second dielectric
layer 218 can form a second bonding surface. The sec-
ond dielectric layer 218 can be bonded with the first di-
electric layer 220 by bonding the first bonding surface
with the second bonding surface. The bonding can result
in the metal layer 956 to make contact with the interme-
diate layer 212 and combine to form the third ground
plane 212 with the first aperture 210 (as shown in Figure
2). In some embodiments, where the second surface 904
of the first dielectric layer 220 and the first surface 952
of the second dielectric layer 218 do not include an in-
dented region (e.g., indented region 914 shown in Fig-
ures 9A and 9B), the metal layer 956 and the intermediate
metallized layer 212 may not be coplanar, respectively,
with the first surface 952 and the second surface 904.
Thus, the bonding surfaces may not include the first sur-
face 952 and the second surface 904. This may result in
an air gap between the first surface 952 and the second
surface 904 at the aperture 210.

[0056] In some embodiments, the first aperture 210
and the second aperture 958 can be aligned such that
the perimeter of the first aperture 210 align with the pe-
rimeter of the second aperture 958. After bonding the
first dielectric layer 220 with the second dielectric layer
218, the first and the second apertures 210 and the sec-
ond aperture 958 can form a single aperture.

[0057] In some embodiments, the second dielectric
layer 218 shown in Figure 9C can instead represent an
antenna dielectric layer (Figure 4, 420), a metal depos-
ited on the second surface 954 of the antenna dielectric
layer can be patterned to form an antenna element (sim-
ilar to the antenna element 416 shown in Figure 4) that
is isolated from an antenna ground plane (similar to the
ground plane 214). The antenna dielectric layer can be
directly bonded to the first dielectric layer 220 to form unit
cells 202 that include two resonant spaces. In such im-
plementations, the plurality of sidewalls 960 can repre-
sent antenna layer plurality of sidewalls of cavities 950
that are defined by the dielectric layer in the antenna
dielectric layer. Similarly, the conductive sidewall layers
226 and 228 can represent antenna layer conductive
sidewall layers defining an antenna layer resonant space
208b, and can be electrically connected to the second
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conductive layer 212 formed on the second surface 904
of the first dielectric layer.

[0058] Additional dielectric layers can also be pat-
terned if the filter array is designed to include additional
resonant spaces. For example, a third dielectric layer can
be formed using the process discussed above where the
third dielectric layer includes intermediate ground planes
and apertures patterned on both sides, as well as side-
walls formed between the two surfaces of the third die-
lectric layer. This is illustrated in Figure 7B, which shows
a flow diagram of one embodiment of a process 750 of
manufacture of a filter array comprising multiple dielectric
layers. The process 750 can include operations 702n to
710n for adding each dielectric layer to the filter array,
which can be similar to operations 702 to 710, respec-
tively, as discussed above. Operation 714 describes a
portion of the process 750 for the case where the corre-
sponding dielectric layer is the first, the last, or an inter-
mediate layer. Operation 716 describes a decision point
where the process 750 can proceed to operation 702n
to add another dielectric layer, or can proceed to opera-
tion 718 to bond the multiple dielectric layers together to
form the filter array.

[0059] In some embodiments, the process 700 or 750
canalsoinclude inspection and measuring of dimensions
of each dielectric layer. The process 700 or 750 can fur-
ther include using a cleaning process (such as a plasma
cleaning process)to clean all the surfaces of the dielectric
layers and/or metal surfaces. The process 700 or 750
can include aligning and bonding two adjacent dielectric
layers. For example, the apertures and/or metallized
walls exposed on one surface of a dielectric layer can be
aligned with the corresponding aperture and/or metal-
lized walls exposed on a surface of a second dielectric
layer. The alignment of metallized walls in adjacent die-
lectric layers can ensure that there is electrical contact
between the metalized walls in one dielectric layer and
the metallized walls in the adjacent dielectric layer.
[0060] In some embodiments, surfaces of two dielec-
tric layers that are to be stacked adjacent to each other
may have the same metallization pattern. For example,
referring to Figure 2, the first dielectric layer 220 and the
second dielectric layer 218 may each have the interme-
diate ground layer 212 along with the apertures 210 pat-
terned. When these two dielectric layers are bonded, the
edges of the apertures 210 and/or the edges of the first
conductive sidewall layers 222 and 224 on the first die-
lectric layer 220 are aligned with the edges of the corre-
sponding structures in the second dielectric layer 218.
By including the metallization patterns on both dielectric
layers, the bonding between the dielectric layers can be
improved due to a high bonding strength between metal-
to-metal surfaces of the two dielectric layers. In some
examples, the thicknesses of the intermediate ground
plane 212 on each dielectric layer can be half the desired
thickness.

[0061] The process 700 or 750 can also include apply-
ing an electro-less (or immersion) surface oxidation bar-
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rier layer, such as palladium with a thickness of about
0.1 to about 0.2 microns. The oxidation barrier layer can
reduce the risk of corrosion of the metal surfaces. The
process 700 or 750 can also include verification of the
layer bonding, using techniques such as acoustic micro-
scopy. The process can also include carrying out RF
probe tests on the filters with a vector network analyzer
device. The process 700 or 750 can further include sin-
gulating or cutting the stacked dielectric layer assembly
(e.g., which can be as much as 12 inches across) into a
set of filter unit cells. The process of fabricating a larger
array of filter unit cells (e.g., corresponding to available
sizes of dielectric layers and/or accommodating capacity
of equipment) can be more efficient than directly building
asmaller array or smaller stacked dielectric layer assem-
bly. Smaller sections can be cut or singulated from the
larger array of filter unit cells, using a laser or saw blade.
For example, each singulated dielectric layer assembly
can have a size of about 2 x 2 inches, and can include
about 128 filter unit cells. The size and/or number of filter
unit cells for each singulated dielectric layer assembly
can be determined by the particular application (e.g., cor-
responding to a desired array size and configuration of
antennas).

[0062] Once the filter array is manufactured, the filter
array can be connected to circuitry, such as the circuit
layer 106 shown in Figure 1. For example, referring to
Figure 2, the bottom surface of the filter array 104 can
be bonded to a circuit layer such that the integrated cir-
cuits on the circuit layer make electrical contact with the
respective RF I/O contact pad 204. The filter array also
can be bonded to an antenna array, such as, forexample,
the antenna layer 102 shown in Figure 1. For example,
referring to Figure 2, the RF 1/O contact pads 216 on the
top surface of the filter array 104 can be electrically con-
nected to a respective antenna element 108 of the array
of antenna elements on the antenna layer 102

[0063] The method for manufacturing the integrated
filter-antenna array can be similar to that discussed
above in relation to the filter array. Figure 8 shows a flow
diagram for a process 800 of manufacture of an integrat-
ed filter-antenna array. Several process stages in the
process 800 are similar to those discussed above in re-
lation to process 700 shown in Figure 7. For example,
the process 800 includes stages 802-808 for forming a
first one or more conductive sidewall layers in a first di-
electric layer, which are similar to the process stages
702-708 discussed above in relation to Figure 7. The
process 800 can further include depositing a metal layer
on the surface of the first dielectric layer to electrically
connecttothefirstone or more conductive sidewall layers
(810). The metal layer can include for example, an inter-
mediate ground plane, such as the first or second inter-
mediate ground planes 212 and 412 shown in Figure 4.
The process 800 can further include providing a second
dielectric layer. The process stages 812-818 for forming
a second one or more conductive sidewall layers in a
second dielectric layer are similar to the process stages
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702-708 discussed above in relation to Figure 7. The
process 800 can also include patterning of the antenna
element, such as the antenna element 416 shown in Fig-
ures 4 and 5, on one surface of one dielectric layer (820).
In some embodiments, an antenna element (e.g., a
waveguide antenna, or waveguide horn antenna) can be
formed in the dielectric layer using laser irradiation, etch-
ing to remove dielectric material to form a shape of the
waveguide antenna, and depositing metal on surfaces
formed by the etching. The process 800 can also include
bonding the second surface of the first dielectric layer to
the first surface of the second dielectric layer such that
apertures patterned on the first and second intermediate
ground planes 212 and 412 align with each other or the
conductive sidewall layers 222 and 224 in the first die-
lectric layer 220 align with the conductive sidewall layers
226 and 228 in the second dielectric layer 218 (822).
Metallization patterns formed on the second surface of
the first dielectric layer, and on the first surface of the
second dielectric layer, can be aligned with each other,
and bonded with each other. As an example, Figures 4
shows the first dielectric layer 220 bonded to the second
dielectric layer 218 such that an aperture patterned on
the top surface of the first dielectric layer 220 aligns with
an aperture patterned on a bottom surface of second
dielectric layer 218. The conductive sidewall layers 222
and 224 in the first dielectric layer 220 can align with the
conductive sidewall layers 226 and 228 in the second
dielectric layer 218.

[0064] Once theintegrated filter-antenna array is man-
ufactured, the filter-antenna array can be connected to
circuitry, such as the circuit layer 106 shown in Figure 1.
For example, referring to Figure 4, the bottom surface of
the filter array 104 can be bonded to a circuit layer such
that the integrated circuits on the circuit layer make elec-
trical contact with the respective RF 1/0 contact pad 204.
As the antenna elements 416 are integrated into the filter-
antenna array, there is no need to bond the filter-antenna
array to an antenna layer. This can reduce the insertion
loss of the integrated filter-antenna array.

[0065] Theinvention provides the following further em-
bodiments:

1. A radio frequency device, comprising:

a first dielectric layer of a dielectric material, the
first dielectric layer having a first surface and a
second surface opposing the first surface, the
first dielectric layer having a first plurality of cav-
ities, each of the first plurality of cavities extend-
ing between the first surface and the second sur-
face; and

a first filter unit cell formed at least partially in
the first dielectric layer, the first filter unit cell
comprising:

a first plurality of sidewalls of the first plu-
rality of cavities,
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first conductive sidewall layers formed on
at least portions of the first plurality of side-
walls, the first conductive sidewall layers
defining a first resonant space comprising
some of the dielectric material,

a first conductive layer formed on the first
surface, covering at least a portion of the
first resonant space and electrically con-
nected to the first conductive sidewall lay-
ers, and

a first radio-frequency input-output (RF 1/0)
contact formed on the first surface, the first
RF 1/O contact electrically isolated from the
first conductive layer by a first isolation re-
gion formed around at least a portion of a
perimeter of the first RF I/O contact.

2. The radio frequency device of embodiment 1,
comprising:

an array of filter unit cells, formed in the first dielectric
layer of the dielectric material, including the first filter
unit cell and a second filter unit cell positioned adja-
cent to the first filter unit cell, the second filter unit
cell comprising:

a second plurality of sidewalls of the first plurality
of cavities , at least one sidewall of the second
plurality of sidewalls and at least one sidewall
of the first plurality of sidewalls defining a portion
of a same cavity of the first plurality of cavities,
second conductive sidewall layers formed on at
least portions of the second plurality of side-
walls, the second conductive sidewall layers de-
fining a second resonant space comprising
some of the dielectric material,

the first conductive layer formed on the first sur-
face, covering at least a portion of the second
resonantspace and electrically connected to the
second conductive sidewall layers, and

a second RF 1/O contact formed on the first sur-
face, the second RF 1/O contact electrically iso-
lated from the first conductive layer by a second
isolation region formed around at least a portion
of a perimeter of the second RF 1/O contact.

3. The radio frequency device of embodiment 2,
wherein within the same cavity, at least one of the
first conductive sidewall layers is spaced apart from
atleastone ofthe second conductive sidewall layers.
4. The radio frequency device of embodiment 2,
wherein within the same cavity, at least one of the
first conductive sidewall layers and at least one of
the second conductive sidewall layers make contact
to fill at least a portion of the same cavity.

5. The radio frequency device of embodiment 1,
comprising:

a second dielectric layer of the dielectric material
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having a first surface and an second surface op-
posing thefirstsurface, the second dielectriclay-
erformed on the first dielectric layer, and having
a second plurality of cavities, each of the second
plurality of cavities extending between the first
surface and the second surface of the second
dielectric layer, ,

the first filter unit cell further comprising:

a second conductive layer formed on the
second surface of the first dielectric layer
covering at least a portion of the first reso-
nant space and electrically connected to the
first conductive sidewall layers, the second
conductive layer having a first aperture,

a third plurality of sidewalls of the second
plurality of cavities, and

third conductive sidewall layers formed on
at least portions of the third plurality of side-
walls, the third conductive sidewall layers
defining a third resonant space comprising
some of the dielectric material, the third con-
ductive sidewall layers electrically connect-
ed to the second conductive layer formed
on the second surface of the first dielectric
layer, the first aperture positioned between
the first resonant space and the third reso-
nant space.

6. The radio frequency device of embodiment 5,
wherein at least a portion of the first surface of the
second dielectric layer is bonded with the second
surface of the first dielectric layer.

7. The radio frequency device of embodiment 5, fur-
ther comprising a first bonding surface of the first
dielectric layer, the first bonding surface including at
least a portion of the second surface of the first die-
lectric layer and a portion of the second conductive
layer.

8. The radio frequency device of embodiment 7, fur-
ther comprising a second bonding surface of the sec-
ond dielectric layer, the second bonding surface in-
cluding at least a portion of the first surface of the
second dielectric layer and at least a portion of a
patterned metal layer formed on the first surface of
the second dielectric layer.

9. The radio frequency device of embodiment 8,
wherein the first bonding surface of the first dielectric
layer is bonded with the second bonding surface of
the second dielectric layer.

10. The radio frequency device of embodiment 5,
wherein a center of the first resonant space and a
center of the third resonant space are separated by
a distance that is less than a quarter wavelength of
a frequency of operation.

11. The radio frequency device of embodiment 1,
wherein the dielectric material is an optically trans-
parent dielectric material and has a relative dielectric
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constant of at least 2.

12. The radio frequency device of embodiment 1,
wherein the dielectric material comprises atleastone
of fused silica, quartz, single crystal silicon carbide,
or single crystal sapphire.

13. The radio frequency device of embodiment 1,
wherein the first plurality of sidewalls includes four
sidewalls.

14. The radio frequency device of embodiment 1,
wherein at least one of the first conductive sidewall
layers is discontinuous.

15. The radio frequency device of embodiment 1,
wherein at least one of the first conductive sidewall
layers has a mesh pattern or structure.

16. The radio frequency device of embodiment 1,
wherein the first filter unit cell comprises:

an antenna ground plane formed on the second
surface of the first dielectric layer, covering at
least a portion of the first resonant space of the
first dielectric layer and electrically connected to
the first conductive sidewall layers, and

an antenna element formed on the second sur-
face of the first dielectric layer, the antenna el-
ement electrically isolated from the antenna
ground plane by an antenna element isolation
region formed around at least a portion of a pe-
rimeter of the antenna element.

17. The radio frequency device of embodiment 16,
wherein the antenna element is aligned with the first
RF 1/O contact.

18. The radio frequency device of embodiment 1,
comprising:

an antenna dielectric layer of the dielectric ma-
terial having a first surface and a second surface
opposing the first surface, the antenna dielectric
layer formed on the first dielectric layer, the an-
tenna dielectric layer having antenna layer cav-
ities, each of the antenna layer cavities extends
between the first surface and the second surface
of the antenna dielectric layer;

the first filter unit cell comprising:

a second conductive layer formed on the
second surface of the first dielectric layer
covering at least a portion of the first reso-
nant space of the first dielectric layer and
electrically connected to the first conductive
sidewall layers, the second conductive layer
having a first aperture,

an antenna layer plurality of sidewalls of the
antenna layer cavities,

antenna layer conductive sidewall layers
formed on at least portions of the antenna
layer plurality of sidewalls, the antenna lay-
er conductive sidewall layers defining an
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antenna layer resonant space comprising
some of the dielectric material, the antenna
layer conductive sidewall layers electrically
connected to the second conductive layer
formed on the second surface of the first
dielectric layer, the first aperture positioned
between the first resonant space and the
antenna layer resonant space,

an antenna ground plane formed on the sec-
ond surface of the antenna dielectric layer
covering at least a portion of the antenna
layer resonant space, and electrically con-
nected to the antenna layer conductive
sidewall layers, and

an antenna element formed on the second
surface of the antenna dielectric layer, the
antenna element electrically isolated from
the antenna ground plane by an antenna
element isolation region formed around at
least a portion of a perimeter of the antenna
element, wherein the antenna element is
aligned with the first RF 1/O contact.

19. The radio frequency device of embodiment 1,
wherein the first RF 1/0 contact being electrically iso-
lated from the first conductive layer includes having
a resistance of at least 10'4 ohms between the first
RF 1/O contact and the first conductive layer.

20. The radio frequency device of embodiment 1,
wherein the first conductive sidewall layers include
at least one of copper, gold, silver, or aluminum.

[0066] The hereindescribed subject matter sometimes
illustrates different components contained within, or con-
nected with, different other components. It is to be un-
derstood that such depicted architectures are merely ex-
emplary, and that in fact many other architectures can
be implemented which achieve the same functionality.
In a conceptual sense, any arrangement of components
to achieve the same functionality is effectively "associ-
ated" such that the desired functionality is achieved.
Hence, any two components herein combined to achieve
a particular functionality can be seen as "associated with"
each other such that the desired functionality is achieved,
irrespective of architectures or intermedial components.
Likewise, any two components so associated can also
be viewed as being "operably connected," or "operably
coupled," to each other to achieve the desired function-
ality, and any two components capable of being so as-
sociated can also be viewed as being "operably coupla-
ble," to each other to achieve the desired functionality.
Specific examples of operably couplable include but are
not limited to physically mateable and/or physically inter-
acting components and/or wirelessly interactable and/or
wirelessly interacting components and/or logically inter-
acting and/or logically interactable components.

[0067] With respect to the use of substantially any plu-
ral and/or singular terms herein, those having skill in the
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art can translate from the plural to the singular and/or
from the singular to the plural as is appropriate to the
context and/or application. The various singular/plural
permutations may be expressly set forth herein for sake
of clarity.

[0068] It will be understood by those within the art that,
in general, terms used herein, and especially in the ap-
pended claims (e.g., bodies of the appended claims) are
generally intended as "open" terms (e.g., the term "in-
cluding" should be interpreted as "including but not lim-
ited to," the term "having" should be interpreted as "hav-
ing at least," the term "includes" should be interpreted as
"includes but is not limited to," etc.).

[0069] It will be further understood by those within the
art that if a specific number of an introduced claim reci-
tation is intended, such an intent will be explicitly recited
in the claim, and in the absence of such recitation no
such intent is present. For example, as an aid to under-
standing, the following appended claims may contain us-
age of the introductory phrases "at least one" and "one
or more" to introduce claim recitations. However, the use
of such phrases should not be construed to imply that
the introduction of a claim recitation by the indefinite ar-
ticles "a" or "an" limits any particular claim containing
such introduced claim recitation to inventions containing
only one such recitation, even when the same claim in-
cludes the introductory phrases "one or more" or "at least
one" and indefinite articles such as "a" or "an" (e.g., "a"
and/or "an" should typically be interpreted to mean "at
least one" or "one or more"); the same holds true for the
use of definite articles used to introduce claim recitations.
In addition, even if a specific number of an introduced
claim recitation is explicitly recited, those skilled in the
art will recognize that such recitation should typically be
interpreted to mean at least the recited number (e.g., the
bare recitation of "two recitations," without other modifi-
ers, typically means at least two recitations, or two or
more recitations).

[0070] Furthermore, in those instances where a con-
vention analogous to "at least one of A, B, and C, etc."
is used, in general such a construction is intended in the
sense one having skill in the art would understand the
convention (e.g., "a system having at least one of A, B,
and C" would include but not be limited to systems that
have A alone, B alone, C alone, A and B together, A and
Ctogether, B and C together, and/or A, B, and C together,
etc.). In those instances where a convention analogous
to "at least one of A, B, or C, etc." is used, in general
such a construction is intended in the sense one having
skill in the art would understand the convention (e.g., "a
system having at least one of A, B, or C" would include
but not be limited to systems that have A alone, B alone,
C alone, A and B together, A and C together, B and C
together, and/or A, B, and C together, etc.). It will be
further understood by those within the art that virtually
any disjunctive word and/or phrase presenting two or
more alternative terms, whether in the description,
claims, or drawings, should be understood to contem-
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plate the possibilities of including one of the terms, either
of the terms, or both terms. For example, the phrase "A
or B" will be understood to include the possibilities of "A"
or "B" or "A and B." Further, unless otherwise noted, the
use of the words "approximate,” "about," "around," "sub-
stantially," etc., mean plus or minus ten percent.

[0071] The foregoing description of illustrative embod-
iments has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or
limiting with respect to the precise form disclosed, and
modifications and variations are possible in light of the
above teachings or may be acquired from practice of the
disclosed embodiments. It is intended that the scope of
the invention be defined by the claims appended hereto
and their equivalents.

Claims

1. Aradio frequency device comprising:
an array of filter unit cells formed at least partially in
a dielectric material, each filter unit cell includes:

a first dielectric layer of the dielectric material
having a first surface and a second opposing
surface;

afirst ground plane disposed on the first surface;
a metalized layer formed on the second oppos-
ing surface and including a first aperture;

one or more conductive structures extending at
least partially between the first surface and the
second opposing surface, the one or more con-
ductive structures, the firstground plane and the
metalized layer define a corresponding first res-
onant space within the first dielectric layer; and
a first radio frequency input-output (RF 1/O) re-
gion located at the first surface and electrically
isolated from the first ground plane by a firstiso-
lation region.

2. The radio frequency device of claim 1, wherein the
first ground plane and the metallized layer are elec-
trically connected to one or more conductive struc-
tures.

3. The radio frequency device of claim 1, wherein the
metallized layer forms a second ground plane.

4. Theradio frequency device of claim 1, wherein each
filter unit cell further comprises:

asecond dielectric layer of the dielectric material
having a third surface and a fourth opposing sur-
face, the metalized layer positioned between the
second opposing surface of the first dielectric
layer and the third surface of the second dielec-
tric layer;

a second ground plane disposed on the fourth
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opposing surface of the second dielectric layer;
and

one or more second conductive structures ex-
tending at least partially between the third sur-
face and the fourth opposing surface of the sec-
onddielectric layer, the one or more second con-
ductive structures, the second ground plane and
the metalized layer define a corresponding sec-
ond resonant space within the second dielectric
layer, the corresponding second resonant space
adjacent, and electromagnetically coupled, to
the corresponding first resonant space.

The radio frequency device of claim 4, wherein each
filter unit cell further comprises:

a second radio frequency input-output (RF I/O) re-
gion located at the fourth opposing surface and elec-
trically isolated from the second ground plane by a
second isolation region.

The radio frequency device of claim 4, wherein the
second ground plane and the metalized layer are
electrically connected to the one or more second
conductive structures.

The radio frequency device of claim 4, wherein each
filter unit cell further comprises:

a third dielectric layer of the dielectric material
having a fifth surface and a sixth opposing sur-
face, the second ground layer positioned be-
tween the fourth opposing surface of the second
dielectric layer and the fifth surface of the third
dielectric layer, the second ground plane includ-
ing a second aperture;

a third ground plane disposed on the sixth op-
posing surface of the third dielectric layer;

and

one or more third conductive structures extend-
ing at least partially between the fifth surface
and the sixth opposing surface of the second
dielectric layer, the one or more third conductive
structures, the second ground plane and the
third ground plane define a corresponding third
resonant space within the third dielectric layer,
the corresponding third resonant space adja-
cent, and electromagnetically coupled, to the
corresponding second resonant space.

The radio frequency device of claim 7, wherein each
filter unit cell further comprises:
an antenna element located at the sixth opposing
surface and electrically isolated from the third ground
plane by a third isolation region.

The radio frequency device of claim 7, wherein the
second ground plane and the third ground plane are
electrically connected to the one or more third con-



10.

1.

12.

13.

14.

15.

35 EP 4 287 397 A2

ductive structures.

The radio frequency device of claim 1, wherein the
dielectric material is an optically transparent material
having a dielectric constant greater than 1.

The radio frequency device of claim 1, wherein the
dielectric material includes fused silica, quartz, sin-
gle crystal silicon carbide or single crystal sapphire.

The radio frequency device of claim 1, wherein the
array of filter unit cells has a quality factor Q greater
than 1000 and an insertion loss less than 1 dB.

The radio frequency device of claim 1, wherein the
one or more conductive structures include one or
more conductive side wall layers formed on one or
more side walls of one or more cavities defined in
the first dielectric layer.

The radio frequency device of claim 1, wherein the
one or more conductive structures include one or
more cavities defined in the first dielectric layer and
comprising a conductive material.

The radio frequency device of claim 1, wherein the
array of filter unit cells includes a millimeter-wave or
microwave filter array.
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706
o

Provide an optically fransparent dielectric layer having a first surface and ~

a second surface opposing the first surface

L

irradiate, using a laser, a first three dimensional structure in the optically
transparent dielectric layer, the first three dimensional structure including

702

a first plurality of sidewal! regions extending betwesn the first surface and ™\

the second surface of the dielectric layer 704
Efch the first three dimensional structure to form a first three dimensional
cavity structure T\
706

;

Deposit metal in the three dimensional cavity structure fo form first

conductive sidewall layers extending between the first surface and the ™~

second surface of the first dielectric layer

;

Deposit a first metal layer on the first surface of the dielectric layer, and a!

708

second metal layer on the second surface of the digleciric layer I

L

Fattern the first metal layer on the first surface of the dielectric laver to
form a radio frequency input-output (RF 1/O) region, and an input ground

710

plane around a perimeter of the RF /O region and electrically isolated T\

from the RF 1/O region
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Star o 1

"y

Provide an optically transparent dielectric layer having a first surface and a second
surface opposing the first surface

v

702n

Form one or more conductive sidewall layers extending between the first surface and
the second surface of the dielectric layer

'

i

Deposit a metal layer on the first surface of the dielectric layer, and ametal layer on
the second surface of the dielectric layer

708n

!

710n

For first dielectric laver: Pattern the metal layer on the first surface of the dielectric
fayer to form a radio frequency input-output (RF 1/0) region, and an input ground
plane around a perimeter of the RF 1/O region and electrically isolated fromthe RF Y/
O region, and pattern the metal layer on the second surface of the dielectric layer o
form a ground plane around an aperture

Forintermediate dislecinc laver: Pattern the metal layer on the first surface of the

dielectric layer fo form a ground plane around an aperiure, and pattemn the metal
tayer on the second surface of the digleckic layer to form a ground plane around an
aperture

Forlast dislechric laver: Pattern the metal layer on the second surface of the dielectric
layer to form a RF /O region, and an output ground plane around a perimeter of the
RF /O region and electrically isolated from the RF /O region, and pattem the metal

layer on the first surface of the dielectric laver to form a ground plane around an
aperture

714

Yas

* ancther dielectric
M6

Bond the diclectric layers together in a stack, with the first and second RF /0 regions
exposed

28
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—

800

Provide a first optically transparent dielectric layer having a first surface
and a second surface opposing the first surface

:

irradiate, using a laser, a first three dimensional structure in the first
optically ransparent diglectric layer, the first three dimensional structure
including a first plurality of sidewall regions extending between the first
surface and the second surface of the dielectric layer

'

Etch the first three dimensional structure to form a first three dimensional
cavity structure

:

Deposit metal in the first three dimensional cavity structure to form first
conductive sidewall layers extending between the first surface and the
second surface of the first dielectric layer

;

Deposit a first metal layer on the first surface of the dielectric layer, and a
second metal layer on the second surface of the digleclric layer

L

Provide a second optically transparent dielectric layer having a first
surface and a second surface, the second surface of the second optically
transparent dielectric layer opposing the first surfacs of the second
optically fransparent dielectric laver

29

802

806

808

810



EP 4 287 397 A2

{rradiate, using a laser, a second three dimensional structure in the
second dielectric layer, the second three dimensional structure including
a second plurality of sidewall regions extending between the first surface

and the second surface of the second diglectric layer

~

g14

é

Eich the second three dimensional structure to form a second three
dimensicnal cavily structure including a second one or more sidewall
cavity regions extending between the first surface and the second
surface of the second dielectric layer

816

:

Deposit metal in the second three dimensional cavity structure toform a
second one or more conductive sidewall layers extending between the
first surface and the second surface of the second dislectric layer

é

Deposit and pattern metal on the second surface of the second dielectric
layer to form an antenna element and an antenna ground plane around 8
perimeter of the antenna element and electrically isolated from the
antenna element

é

Bond the second surface of the first dielectric layer to the first surface of
the second dielectric fayer, such that the first one or more conductive
sidewall fayers align and make electrical contact with the second one or
more conductive sidewall layers

~
822
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